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trial fibrillation (AF) is classically proposed to result from
ultiple wandering atrial wavelets (1,2). However, recent
xperiments by Jalife et al. (3) have implicated an additional
ole for single micro–re-entrant circuits within the left
trium in AF.
The pulmonary veins (PVs) are an important source of
pontaneous electrical activity that initiates AF (4–6). Such
ctivity may also manifest in isolated extrasystoles or slow/
apid atrial rhythms (4–6). In addition, rapid focal dis-
harges (sustained sometimes for hours, days, or even
onger) have been observed to drive sustained AF in some
atients, representing the true “focal or focally driven” AF
See page 2281
7). High-density mapping at the time of surgery in patients
ith chronic AF has identified rapid activity emanating
rom the PV region (corners of the mapping plaque)
ontinuously, intermittently, or alternately (8). Other stud-
es have observed episodic bursts of paroxysmal short-cycle-
ength activity with a distal-to-proximal activation of the
V, suggesting that these bursts may have a role in AF
aintenance (9–12).
The mechanisms (automaticity or re-entry) by which
hese structures are arrhythmogenic are the source of intense
nvestigation, with recent studies expanding our under-
tanding of the electrophysiologic properties of the PV.
lectrophysiologic mechanisms of PV arrhythmogenicity.
vidence exists to suggest that the PVs are capable of
ustaining automaticity. Blom et al. (13), studying the
uman embryo using monoclonal antibodies to stain con-
ucting tissue, demonstrated the presence of cardiac con-
uction tissue within the PV during embryonic develop-
ent. However, although node-like cells have been
bserved in the PVs of rats, a detailed histology of the atrial
*Editorials published in the Journal of the American College of Cardiology reflect the
iews of the authors and do not necessarily represent the views of JACC or the
merican College of Cardiology. Dr. Sanders is the recipient of a Neil Hamilton
airley fellowship from the National Health and Medical Research Council of
ustralia and the Ralph Reader fellowship from the National Heart Foundation of
ustralia.oFrom the Hoˆpital Cardiologique du Haut-Le´veˆque, Bordeaux-Pessac, France.yocardial sleeves in human hearts has thus far failed to
eveal any node-like structures. Cheung (14) found sponta-
eous activity from the PV with digitalis in the guinea pig.
ther experiments have demonstrated early and delayed
fter-depolarization and automatic high-frequency irregular
hythms related to calcium-sensitive inward currents follow-
ng infusion of ryanodine, atrial distension, rapid atrial
acing, or congestive heart failure, but most groups have not
bserved these in normal PV cardiomyocytes (15–19).
A possible role for re-entry has been implicated in the
enesis of spontaneous activity from the PV in connection
o complex muscular architecture and short cellular refrac-
oriness. Conduction delay and block have been associated
ith changing myocardial fiber orientation, producing non-
niform anisotropy and fractionated electrograms in PVs
nd at the PV-left atrial (LA) junction (19,20). Arora et al.
21), performing optical mapping studies of normal canine
Vs, demonstrated that these structures possess both aniso-
ropic conduction and repolarization heterogeneity. With
xtrastimulus testing Arora et al. (21) observed regions of
nidirectional conduction block and slowed conduction that
nitiated leading-circle re-entry and became sustained with
soproterenol. Focal sources of activity were observed to
ccur more proximally.
Clinically, ectopy-initiating episodes of AF have been
argely localized to the distal PV musculature from multiple
Vs or from multiple sites within a given PV (22), which
fter isolation could occur proximal to the ablated site (23).
hen et al. (5) demonstrated that the distal PV had
ignificantly shorter refractory periods than the adjacent
A. Jaı¨s et al. (24) demonstrated distinctive electrophysi-
logic properties in the PVs of patients with AF (compared
ith controls), with shorter PV refractory periods, more
requent and greater decremental conduction to the LA, and
propensity for PV extrastimuli to initiate AF. At shorter
oupling intervals there was an increased complexity of the
ircumferential activation sequence, with fractionation,
ouble potentials, and a change in the LA breakthrough
24).
Expanding ablation strategies have improved our knowl-
dge, demonstrating that the PVs are electrically connected
o the atria by discrete or wide fascicles, allowing complete
lectrical isolation of the PV by ostial ablation. Following
lectrical isolation, dissociated spontaneous rhythm within
he PV has been observed in up to 33.6% of the PVs,
hereas sustained PV tachycardia occurred spontaneously
r could be induced in 2.6% to 6% of patients with features
uggestive of either automaticity or re-entry (the latter
uggested by the induction and termination with stimula-
ion, a large proportion of the tachycardia cycle length being
apped within the PV, and progressive fusion during
ntrainment maneuvers) (25). The low incidence of PV
achycardias after disconnection suggests an important role
or the PV-LA interface or atrial inputs in the development
f sustained arrhythmia.
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June 16, 2004:2290–2 Editorial CommentIn a study reported in this issue of the Journal, Kumagai
t al. (26) provide further evidence supporting a re-entrant
echanism for arrhythmia originating from the PVs. The
uthors confirm several of the electrophysiologic properties
reviously reported in experimental and clinical studies. In
ddition, they used a 64-pole basket catheter to identify the
echanisms resulting in PV arrhythmogenicity in humans:
) a gradient of refractoriness that increased from the distal
o proximal PV; 2) directional conduction delay within the
V; 3) preferential conduction within the PV with both
rogrammed extrastimuli and spontaneous ectopy from the
V; 4) exit and entry of the activation front at the PV-LA
unction; and 5) short-lived circuits (up to two rotations).
lthough this finding expands our understanding that the
Vs in humans with AF possess the substrate for re-entry,
he authors acknowledge that it does not provide direct
vidence for re-entry having a critical role in the mecha-
isms of AF. This study has other limitations inherent to
linical electrophysiology studies: 1) limited mapping den-
ity; 2) short duration of activation analysis; and 3) absence
f data correlating the findings with individual or paired
V. Nevertheless, the authors demonstrate the existence of
referential and re-entrant activation fronts within the PV
nd at the PV-LA junction.
Vs in the maintenance of AF. Pulmonary vein isolation
erformed during ongoing AF has revealed novel insights.
e performed PV ablation in patients with long-duration
pontaneous or induced AF while monitoring the atrial
brillation cycle length (AFCL) at a site remote to ablation
coronary sinus) (27). Pulmonary vein isolation produced a
rogressive prolongation of the AFCL, varying in extent
rom vein to vein and between individuals, culminating in
F termination in most patients after a significant cumu-
ative increase in the AFCL. This decline in AF frequency
as less in patients without AF termination. There was a
igure 1. Venous wave hypothesis for the maintenance of atrial fibrillation.
roposed venous wave hypotheses.ignificant relationship between the number of PVs requir-ng isolation to achieve termination and the initial duration
f AF, but no correlation with the amount of radiofrequency
nergy delivery. Strikingly, AF could not be re-induced after
V isolation in 57% of patients despite repetitive and
ggressive burst pacing from up to three atrial sites; patients
ithout inducible arrhythmia demonstrated significantly
reater prolongation of AFCL during ablation.
The progressive decline of fibrillatory activity with PV
blation provides conclusive evidence for the direct partici-
ation of PV activity in the maintenance of AF. Pulmonary
ein isolation not only prolonged AFCL but terminated AF
s previously observed during pharmacologic cardioversion
thought to represent fusion or reduction of wandering atrial
avelets). Accumulating evidence, as in the study by Kuma-
ai et al. (26), demonstrates that the PV and the PV-LA
unction provide the electrophysiologic milieu capable of
ustaining re-entry. Our results extend these observations by
roviding direct evidence that the activity perpetuating AF
manates from the PV region in some patients with parox-
smal AF. We posit an alternative hypothesis to the classical
ultiple wavelet mechanism proposed by Moe (1): that in at
east some patients with AF the PV is the source of
brillatory activity that maintains the atria in fibrilla-
ion—the “venous wave hypothesis” (Fig. 1).
onclusions. An accumulating body of evidence demon-
trates that the PV-LA region has heterogeneous electro-
hysiologic properties that are capable of sustaining re-
ntry. These structures are implicated not only as a trigger of
F in patients with the appropriate substrate, but also as a
ource of “venous waves/drivers” that are capable of main-
aining the atria in fibrillation.
eprint requests and correspondence: Dr. Michel Haı¨ssaguerre,
oˆpital Cardiologique du Haut-Le´veˆque, Bordeaux, France.
-mail: jacques.clementy@pu.u-bordeaux2.fr.
rations are schematic representations of the multiple atrial wavelet and theIllust
R1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2292 Haı¨ssaguerre et al. JACC Vol. 43, No. 12, 2004
Editorial Comment June 16, 2004:2290–2EFERENCES
1. Moe GK. On the multiple wavelet hypothesis of atrial fibrillation.
Arch Int Pharmacodyn Ther 1962;140:183–8.
2. Konings KT, Kirchhof CJ, Smeets JR, Wellens HJ, Penn OC, Allessie
MA. High-density mapping of electrically induced atrial fibrillation in
humans. Circulation 1994;89:1665–80.
3. Jalife J, Berenfeld O, Mansour M. Mother rotors and fibrillatory
conduction: a mechanism of atrial fibrillation. Cardiovasc Res 2002;
54:204–16.
4. Haı¨ssaguerre M, Jais P, Shah DC, et al. Spontaneous initiation of
atrial fibrillation by ectopic beats originating in the pulmonary veins.
N Engl J Med 1998;339:659–66.
5. Chen SA, Hsieh MH, Tai CT, et al. Initiation of atrial fibrillation by
ectopic beats originating from the pulmonary veins: electrophysiolog-
ical characteristics, pharmacological responses, and effects of radiofre-
quency ablation. Circulation 1999;100:1879–86.
6. Lau CP, Tse HF, Ayers GM. Defibrillation-guided radiofrequency
ablation of atrial fibrillation secondary to an atrial focus. J Am Coll
Cardiol 1999;33:1217–26.
7. Jais P, Haı¨ssaguerre M, Shah DC, et al. A focal source of atrial
fibrillation treated by discrete radiofrequency ablation. Circulation
1997;95:572–6.
8. Wu TJ, Doshi RN, Huang HL, et al. Simultaneous biatrial comput-
erized mapping during permanent atrial fibrillation in patients with
organic heart disease. J Cardiovasc Electrophysiol 2002;13:571–7.
9. Kumagai K, Yasuda T, Tojo H, et al. Role of rapid focal activation in
the maintenance of atrial fibrillation originating from the pulmonary
veins. Pacing Clin Electrophysiol 2000;11:1823–7.
0. O’Donnell D, Furniss SS, Bourke JP. Paroxysmal cycle length short-
ening in the pulmonary veins during atrial fibrillation correlates with
arrhythmogenic triggering foci in sinus rhythm. J Cardiovasc Electro-
physiol 2002;13:124–8.
1. Oral H, Ozaydin M, Tada H, et al. Mechanistic significance of
intermittent pulmonary vein tachycardia in patients with atrial fibril-
lation. J Cardiovasc Electrophysiol 2002;13:645–50.
2. Haı¨ssaguerre M, Shah DC, Jais P, et al. Mapping-guided ablation of
pulmonary veins to cure atrial fibrillation. Am J Cardiol 2000;86:
K9–19.
3. Blom NA, Gittenberger-de Groot AC, DeRuiter MC, Poelmann RE,
Mentink MM, Ottenkamp J. Development of the cardiac conduction
tissue in human embryos using HNK-1 antigen expression: possible
relevance for understanding of abnormal atrial automaticity. Circula-
tion 1999;99:800–6.4. Cheung DW. Electrical activity of the pulmonary vein and its
interaction with the right atrium in the guinea-pig. J Physiol 1980;
314:445–56.
5. Chen YJ, Chen SA, Chen YC, et al. Effects of rapid atrial pacing on
the arrhythmogenic activity of single cardiomyocytes from pulmonary
veins: implication in initiation of atrial fibrillation. Circulation 2001;
104:2849–54.
6. Wu TJ, Ong JJ, Chang CM, et al. Pulmonary veins and ligament of
Marshall as sources of rapid activations in a canine model of sustained
atrial fibrillation. Circulation 2001;103:1157–63.
7. Honjo H, Boyett MR, Niwa R, et al. Pacing-induced spontaneous
activity in myocardial sleeves of pulmonary veins after treatment with
ryanodine. Circulation 2003;107:1937–43.
8. Okuyama Y, Miyauchi Y, Park AM, et al. High resolution mapping of
the pulmonary vein and the vein of marshall during induced atrial
fibrillation and atrial tachycardia in a canine model of pacing-induced
congestive heart failure. J Am Coll Cardiol 2003;42:348–60.
9. Hocini M, Ho SY, Kawara T, et al. Electrical conduction in canine
pulmonary veins: electrophysiological and anatomic correlation. Cir-
culation 2002;105:2442–8.
0. Hamabe A, Okuyama Y, Miyauchi Y, et al. Correlation between
anatomy and electrical activation in canine pulmonary veins. Circula-
tion 2003;107:1550–5.
1. Arora R, Verheule S, Scott L, et al. Arrhythmogenic substrate of the
pulmonary veins assessed by high-resolution optical mapping. Circu-
lation 2003;107:1816–21.
2. Hocini M, Haı¨ssaguerre M, Shah D, et al. Multiple sources initiating
atrial fibrillation from a single pulmonary vein identified by a circum-
ferential catheter. Pacing Clin Electrophysiol 2000;23:1828–31.
3. Haı¨ssaguerre M, Jais P, Shah DC, et al. Electrophysiological end point
for catheter ablation of atrial fibrillation initiated from multiple
pulmonary venous foci. Circulation 2000;101:1409–17.
4. Jaı¨s P, Hocini M, Macle L, et al. Distinctive electrophysiological
properties of pulmonary veins in patients with atrial fibrillation.
Circulation 2002;106:2479–85.
5. Takahashi Y, Iesaka Y, Takahashi A, et al. Reentrant tachycardia in
pulmonary veins of patients with paroxysmal atrial fibrillation. J Car-
diovasc Electrophysiol 2003;14:927–32.
6. Kumagai K, Ogama M, Noguchi H, Yasuda T, Nakashima H, Saku
K. Electrophysiologic properties of pulmonary veins assessed using a
multielectrode basket catheter. J Am Coll Cardiol 2004;43:2281–9.
7. Haı¨ssaguerre M, Sanders P, Hocini M, et al. Changes in atrial
fibrillation cycle length and inducibility during catheter ablation and
their relation to outcome. Circulation 2004. In Press.
